Abstract As one of the most abundant oxygenated volatile organic compounds in the atmosphere, acetone (CH 3 C[O]CH 3 ) influences atmospheric oxidants levels and ozone formation. Here we report the first unambiguous identification of acetone from the nadir-viewing satellite sounder Infrared Atmospheric Sounding Interferometer (IASI). Via a neural network-based retrieval approach that was previously applied to the retrieval of other weak absorbers, we obtain daily global acetone retrievals. A first intercomparison with independent measurements is conducted. As the retrieval method is computationally fast, it allowed the full reprocessing of the 2007-2018 IASI time series. Analysis of the retrieved global product and its seasonality suggests that emissions of acetone and precursors from the terrestrial biosphere at Northern Hemisphere middle and high latitudes are the main contributors to the atmospheric acetone abundance, more than year-round oxidation of anthropogenic isoalkanes. Remarkably, biomass burning does not appear to be a strong global source of acetone.
Introduction
Along with methanol, acetone (CH 3 C[O]CH 3 ) dominates the composition of oxygenated volatile organic compounds (OVOCs) in the remote atmosphere (e.g., Read et al., 2012; Singh et al., 1994 Singh et al., , 1995 Singh et al., , 2001 . The photo-oxidation of acetone contributes to the formation of peroxyacetyl nitrate (PAN; Fischer et al., 2014; Seinfeld & Pandis, 2016) . Owing to the relatively long residence time of acetone (15-35 days; e.g., Arnold et al., 2005; Elias et al., 2011; Fischer et al., 2012; Jacob et al., 2002; Khan et al., 2015) , this contribution can be as high as ∼25-50% in the most remote environments (Fischer et al., 2014; Singh et al., 1995) . The photochemical breakdown of acetone may also constitute a dominant source of major atmospheric oxidants, namely, the hydrogen oxide radicals (HO x = OH + HO 2 ; Jaeglé et al., 2001; McKeen et al., 1997; Müller & Brasseur, 1999; Wennberg et al., 1998) . Under the dry conditions of the upper troposphere-lower stratosphere (UTLS), the estimated production rates of HO x from acetone degradation are of the same order of magnitude as the O( 1 D) + H 2 O reaction (Seinfeld & Pandis, 2016; Singh et al., 1995) . Moreover, these acetone-initiated reactions can influence the ozone formation in the UTLS (Jaeglé et al., 2001; McKeen et al., 1997; Müller & Brasseur, 1999; Wennberg et al., 1998) and are essential to correctly explain the ozone enhancement in flight corridors (Brühl et al., 2000; Folkins & Chatfield, 2000) . A good understanding of the atmospheric budget of acetone is therefore required to evaluate its impact on global tropospheric chemistry, on atmospheric oxidants and, for example, on methane lifetime. Unfortunately, there is currently no agreement on the magnitude and apportionment of the acetone sources, which include direct emissions from terrestrial vegetation, oxidation of anthropogenic and biogenic precursor hydrocarbons (e.g., propane, C 4 -C 5 isoalkanes, and monoterpenes), oceans, and biomass burning. For instance, literature estimates of acetone production from the terrestrial biosphere range from 20 to 172 Tg/year (Arnold et al., 2005; Brewer et al., 2017; Elias et al., 2011; Fischer et al., 2012; Folberth et al., 2006; Jacob et al., 2002; Khan et al., 2015; Marandino et al., 2005; Potter et al., 2003; Pozzer et al., 2010; Safieddine et al., 2017) . Another major unknown is the role played by the oceans in controlling the atmospheric acetone burden. Since the surface ocean is home to both photochemical production and microbial degradation of acetone, the ocean mixed layer has been considered both as a source and a sink, with large uncertainties in the global net flux (Fischer et al., 2012; Jacob et al., 2002; Lewis et al., 2005; Marandino et al., 2005; Sinha et al., 2007; Taddei et al., 2009; Williams et al., 2004) . These uncertainties primarily result from the lack of observational data sets that can constrain acetone source, sink, and transport processes. Current observations, which consist of surface and aircraft measurements, and acetone retrievals in the UTLS obtained from space-borne limb sounders (Coheur et al., 2007; Dufour et al., 2016; Remedios et al., 2007; Moore et al., 2012) , do not probe the whole troposphere nor provide the dense spatial sampling of nadir sounders embarked on Sun-synchronous meteorological satellites.
Onboard the Metop satellite platforms, the nadir-viewing IASI (Infrared Atmospheric Sounding Interferometer) instruments have been shown capable of detecting 24 atmospheric gasses in the thermal infrared (Clarisse et al., 2011; Clerbaux et al., 2009; Coheur et al., 2009) , and in particular several OVOCs. Recently, a flexible, computationally efficient neural network (NN)-based approach for retrieving gas abundance from IASI spectra was presented that allows the production of new and/or updated daily global distributions of ammonia (Van Damme et al., 2017; Whitburn et al., 2016) , methanol, formic acid, PAN (Franco et al., 2018) , and dust (Clarisse et al., 2019 ). Here we report-to the best of our knowledge-the first detection of acetone by a nadir sounder and apply this retrieval method on IASI spectra to generate the first daily global distributions of acetone. Intercomparison of the new retrievals with a traditional physical inversion and independent aircraft data is presented in brief. We analyze acetone monthly distributions and variability for the year 2011 and finish with our conclusions and outlook.
Acetone Detection and Retrieval Methodology

Detection in IASI Spectra
Most of the trace gasses that absorb in the 750-1,250 cm −1 atmospheric window (e.g., NH 3 , CH 3 OH, or C 2 H 4 ) were first observed in IASI spectra recorded over biomass burning plumes (e.g., Coheur et al., 2009; Clarisse et al., 2011) . All the IASI spectra that were analyzed before in detail were reconstructed to a satisfactory degree without the inclusion of acetone. One contributing reason (explained later) is that acetone emissions from fires are moderate, with typical emission factors in the range of 0.16-1.05 g/kg, compared for instance to CH 3 OH (1.18-5.84 g/kg; Akagi et al., 2011) . A more important reason is that acetone has a very broad and weakly structured absorption, which is hard to identify in the presence of other broadband absorbers that are common in fire plumes (e.g., PAN and acetic acid).
Analogously to the procedure described in Franco et al. (2018) , we have constructed a Hyperspectral Range Index (HRI) for acetone in the 1,170-1,265 cm −1 spectral range. The HRI is a weighted sum of all spectral channels in a range, which allows quantifying the spectral absorption strength due to a specific trace gas (see also; Clarisse et al., 2013; Walker et al., 2011) . Figure 1 presents two spectra (light blue) with large HRI values, over land (Kazakhstan) and ocean (Atlantic Ocean). While the HRI method allows a close to optimal detection of trace gasses, it can in rare cases be sensitive to the presence of artifacts (e.g., related to interfering species or unusual surface emissivity; Clarisse et al., 2019) . This implies that it cannot be used as a tool to unambiguously demonstrate the presence of a given spectral signature. For this, a spectral reconstruction or fit is required ). Here we performed fits using the iterative optimal estimation method (OEM; Rodgers, 2000) as implemented in the line-by-line radiative transfer model Atmosphit (Coheur et al., 2005) . Apart from acetone, the following species absorbing in the same spectral range were also adjusted: H 2 O isotopologues, O 3 , CH 4 , N 2 O, HNO 3 , PAN, and CFC-12. Cross sections for N 2 O 5 , CFC-113, HCFC-142b, and HFC-134a-although never reported from IASI individual measurements-were also implemented to ensure that other possible weak broadband contributions are properly accounted for. Spectroscopic parameters were taken from HITRAN (Gordon et al., 2017) ; those of acetone in particular originate from Harrison et al. (2011) . In each example, the observed and calculated spectra are displayed in the upper frame in light blue and red, respectively, while the black dotted line in the lower frame represents the fitting residuals between those (observed-calculated). The difference between the fitted spectra reconstructed with and without acetone is in solid green line, while the difference between the observed spectrum and the fitted spectrum reconstructed without acetone is in blue.
The fitted spectra (red) shown in Figure 1 match the observed spectra well, with a residual (black dotted line) mostly within the expected instrumental noise of IASI (between 0.05 and 0.2 K in the acetone range). Larger residuals occur at channels dominated by H 2 O and CH 4 absorptions and are similar in both fits, pointing toward limitations in the forward model (Atmosphit for instance does not account for CH 4 line mixing). The overall baseline is nonetheless reconstructed satisfactorily in the entire 1,171-1,242 cm −1 range. The contribution of acetone can be visualized with the help of a second simulation, obtained by excluding acetone from the result of the first simulation. The residuals between the simulated spectra without acetone and the observed spectrum (blue line) or the simulated spectrum with acetone (green line) both visualize the broad 17 C-C stretch band of acetone with an absorption as large as 0.4-0.5 K. Note that the retrieved columns are large (3.46 and 4.09 × 10 16 molec/cm 2 ), but not unreasonably high (see section 3.2). The above analysis has been carried out on a number of spectra in different parts of the world, with similar conclusions, providing convincing evidence for the detection of acetone in IASI spectra. It also follows that-apart from observations over deserts-HRI enhancements in this spectral range are indeed due to acetone. Over deserts, biases in the acetone HRI related to changes in surface type are apparent; these are removed here to a first order via a debiasing procedure (Clarisse et al., 2019; Franco et al., 2018) .
NN Retrieval
Using OEM inversion for the daily global retrieval of acetone and other weak absorbers has some disadvantages (e.g., sensitivity to retrieval parameters, forward model errors, and large computational costs; see Whitburn et al., 2016 ). An attractive alternative is the Artificial Neural Network for IASI (ANNI) retrieval approach, which was developed for the retrieval of NH 3 (Whitburn et al., 2016) , and later expanded to the retrieval of a series of VOCs (Franco et al., 2018) . The retrieval relies on a feedforward NN to convert the HRI into a gas total column, accounting for the state of both atmosphere and surface (e.g., emissivity, temperature, and H 2 O profiles). The implementation for acetone follows largely that of the other VOCs. We therefore refer to Franco et al. (2018) for a detailed presentation of the algorithm and only mention here the elements that are specific to acetone.
As for the other VOCs, two NNs were set up, both assuming different fixed vertical profiles of acetone representative for emission and transport regimes. These profiles were derived from the global chemistry-climate model EMAC (ECHAM5/MESSy; Jöckel et al., 2010) and are shown in Figure S1 in the supporting information. The NN performance on the training set is summarized in Figure S2 . For positive thermal contrasts (i.e., the temperature difference between the surface and the air layer located just above), the performance is excellent, with a bias below 5%, and a retrieval error below 20% for columns above 1 × 10 16 molec/cm 2 and below 50% for columns between 0.5 and 1 × 10 16 molec/cm 2 . For weakly negative thermal contrast, sensitivity to the lower troposphere is lost, resulting in larger errors. The actual retrieval comes with an own estimate of retrieved column uncertainty associated with each individual measurement, obtained via propagation of the uncertainties in the input variables. Similarly to the other VOCs, a postfilter was designed to exclude observations associated with almost no sensitivity to acetone. As explained in Franco et al. (2018) , a constant, climatological background abundance (not accounted for by the HRI) needs to be added to the retrieved columns. This calibration offset was estimated here by adjusting the 2010-2015 averaged IASI-derived columns to the 2010-2015 averaged acetone columns simulated by EMAC, separately over remote land and ocean areas (see Figure S3 ).
Results
Acetone columns have been retrieved with the ANNI method from the entire IASI/Metop-A data set (October 2007 to November 2018) including both the morning and evening overpasses (∼9:30 a.m. and p.m., local time). The columns over land were retrieved with the NN trained with the emission gas profile, whereas those over ocean are output of the transport NN.
Column Intercomparisons
To make a first assessment of the ANNI retrieval, we present in Figure 2a a comparison with acetone retrieved with an OEM inversion from ∼10,000 IASI spectra observed over both source and remote regions (see inset of Figure 2a ), following the setup described in section 2.1 and using the profiles derived from EMAC ( Figure S1 ) as a priori. When the measurement sensitivity is low, such retrievals typically remain close to the a priori. For this reason, we limit the comparison here to the summer season, when the measurement sensitivity is the largest (Franco et al., 2018) . The two retrievals compare favorably, with a coefficient of correlation (r) of 0.66 and a regression slope of 0.84, giving confidence in the ANNI retrieval. The rather large scatter reflects the uncertainties associated with each inversion approach and the general difficulty of retrieving acetone. Note that the estimated measurement uncertainties (black error bars) from both methods are similar (0.5-1.5 × 10 16 molec/cm 2 ).
A second intercomparison has been performed with a suite of aircraft measurements (see inset in Figure 2b ). For this, we built average aircraft profiles, derived from measurements taken on the same day and located no further than 150 km. Typically, the measurements range from the upper troposphere down to close to the surface. These profiles were then completed from the last available altitude by profiles from the chemistry-transport model IMAGESv2 Müller, Stavrakou, Bauwens, et al., 2018; Stavrakou et al., 2018) sampled at the time and location of the aircraft profiles and finally integrated to obtain acetone total columns. Examples of composite aircraft-IMAGES profiles and further information are provided in Figure S4 . For measurements within the IASI period (after October 2007), we compared these columns directly with the closest IASI measurement obtained on the same day. For aircraft measurements before, an IASI column was constructed by averaging the observations made on the same Julian day of the available years in the October 2007 to November 2018 period. The comparison, presented in Figure 2b , gives a correlation of 0.58 and a slope of 0.74, pointing toward a possible low bias in the IASI measurements. The comparison presented here is limited by the number and type of available measurements (most aircraft campaigns cover only North America); a full assessment of the NN performance and acetone product will only be possible once more correlative column measurements become available. Figure 3 gives examples of acetone measurements on selected days over East Siberia (Figures 3a-3c ) and North America (Figures 3d-3i ) during the boreal summer. Owing to the relatively long lifetime of acetone and the ability of the NN to account for the overall lower sensitivity of IASI to the evening measurements, the a.m.-and p.m.-derived retrievals produce consistent acetone columns ( Figure S5 ), with lowest uncertainty made in the morning over land. Therefore, both column sets have been combined to enhance the spatial coverage (they are shown separately in Figure S6 ). The remaining empty spaces in the acetone distributions correspond either to the gaps between successive satellite orbits, clouds, or measurements discarded by the postfilter. The distributions of the uncertainties associated with the individual retrieved columns are displayed in Figure S7 . In these examples, most column uncertainties range between 2 and 7 × 10 15 molec/cm 2 over land, and between 4 and 9 × 10 15 molec/cm 2 over oceans where the overall weaker thermal contrast is associated with a lower sensitivity to the surface. As illustrated in Figure S8 , the uncertainties are mainly driven by the HRI and of secondary importance by the thermal contrast.
Daily Overpasses Examples
These two examples highlight the dense spatial sampling achieved by IASI, and the spatial resolution of the individual measurements (pixel size of 12 km at nadir). They also illustrate at a regional scale the flexibility and the sensitivity of the NN-based retrievals to a fast-changing gas distribution. Indeed, Figure 3 demonstrates that IASI is able to detect background acetone levels of 0.5-1 × 10 16 molec/cm 2 over relatively remote areas like Western United States and oceans, whereas strong local enhancements of acetone column in excess of 3-4 × 10 16 molec/cm 2 are observed for instance over the boreal forests of Siberia (Figures 3a-3c ) and Canada (Figures 3d-3i ), as well as over Eastern and Southern United States (Figures 3d-3i) , which represent more than a factor of 4 increase compared to the background conditions. The retrieved columns also allow monitoring the atmospheric transport of acetone on a daily basis, as IASI detects large plumes of acetone that originate from these local enhancements and whose day-to-day transport can be closely tracked across both continents and oceans. These regional examples highlight that the acetone column distribution is characterized by a high spatial and temporal heterogeneity (see also close-ups in Figure S6 ). Bearing in mind that the relatively long lifetime of acetone ensures an elevated background abundance of the order of 0.5-1 × 10 16 molec/cm 2 during boreal summer, >200% enhancement can locally be observed over the continents and in concentrated plumes (Figure 3 ). This is likely related to direct emissions of acetone or to strong emissions of short-lived precursors. It is worth mentioning that such heterogeneity has also been observed in summertime in the Northern Hemisphere UTLS along the flight tracks of the In-service Aircraft for a Global 
Global Distribution
The global distribution of acetone and its seasonal variability as retrieved from IASI measurements are investigated here through the monthly mean columns of the year 2011, averaged on a 0.5 (Figure 4) . Yearly averages are shown in Figure S9 . The following observations can be made:
• During most of the year, there is a clear North-South gradient with more acetone in the Northern Hemisphere. This pattern is pronounced also in the yearly mean distributions ( Figure S9 ) and is consistent with the currently known dominant anthropogenic and biogenic sources (primary and secondary) of acetone, which are mostly of continental origin and mainly take place in the boreal hemisphere. IASI also indicates a strong seasonal cycle in the Northern Hemisphere, with the highest acetone columns (>4 × 10 16 molec/cm 2 in monthly mean) found in summer over land at middle and high latitudes. Nonetheless, monthly mean acetone enhancements of 1-2 × 10 16 molec/cm 2 are detected over tropical forests during the October-April period.
• Acetone concentrations in the UTLS have recently been retrieved by the Atmospheric Composition Experiment-Fourier Transform Spectrometer (ACE-FTS) in the 2004-2010 period (Dufour et al., 2016) . The IASI observations confirm the spatial and seasonal patterns of acetone concentrations measured by 10.1029/2019GL082052 ACE-FTS, which also exhibit a strong latitudinal gradient and a pronounced seasonal cycle in the 30-70
• N latitudinal band that peaks in July. Moreover, the maximum monthly mean concentrations measured by ACE-FTS are found in this month over Siberia, where IASI also detects the highest total columns (Figure 4 ). Another important agreement between the limb and nadir sounders is the moderate acetone burden detected within the tropics, also over tropical forests. • These observations suggest that direct acetone emissions and/or oxidation of precursor hydrocarbons, both from the terrestrial biosphere at the Northern Hemisphere middle and high latitudes, are the main contributor to the acetone abundance and the main driver of its seasonal variability (as also shown by Jacob et al., 2002) . Indeed, acetone is a by-product of plant metabolism (e.g., Fall, 1999) with light-and temperature-dependent emissions (Kirstine et al., 1998) . Concomitantly, acetone is produced from the atmospheric oxidation of monoterpenes (e.g., -and -pinenes; Reissell et al., 1999) and methylbutenol (Goldstein & Schade, 2000) in the relative vicinity of their emission sources, as those precursors are short lived. Atmospheric degradation of anthropogenic isoalkanes, whose emissions do not show strong seasonal variability, may significantly contribute to acetone formation in winter when the emissions from the terrestrial vegetation are low.
• Major observable features are the continental acetone outflows over oceans, particularly strong in summer in the Northern Hemisphere. These outflows follow the dominant atmospheric circulation pattern, that is, eastward transport at middle and high latitudes, and westward transport within the tropics. Noticeable examples are the North American and Asian outflows north of 20
• N, respectively, over the Atlantic and Pacific oceans. Anthropogenic acetone precursors from the continents likely form a year-round component of those, while the strong enhancement in summer can be attributed to an increased contribution from biogenic sources.
• IASI-derived acetone is only moderately enhanced in the tropics during the fire season (October-November), unlike methanol, formic acid, or PAN retrieved with the same ANNI method (Franco et al., 2018) . This likely stems from the limited emissions of both acetone and its isoalkane precursors in biomass burning (Akagi et al., 2011) and argues against fires being a dominant driver of the global acetone budget.
• The background acetone abundance derived from IASI is large over remote marine areas (e.g., the Middle Pacific), with monthly mean columns regularly over 5 × 10 15 molec/cm 2 . It can be explained by long-range transport of continental precursors or, as reported by Jacob et al. (2002) , by a large marine source of acetone either from the ocean or from the marine atmosphere (e.g., marine organic aerosol).
• While there is a general land-ocean continuity at middle and low latitudes, relatively sharp transitions between the columns can be observed in summer at Northern Hemisphere high latitudes. These are especially apparent between the continents and the Arctic Ocean, and between Northern Canada and the Hudson Bay (Figure 4) . The same discontinuities were also observed with other OVOCs (Franco et al., 2018) . From a theoretical viewpoint, there is no reason for this to happen, as the NNs are perfectly capable of taking into account large differences in surface temperature. The likely reason for these are biases in the underlying input data, for instance on the surface or atmospheric temperature, or the fact that the assumed vertical profiles differ greatly from the true profiles. This is one aspect of the work that needs improvement in the future.
Conclusions
In this work, we have demonstrated that acetone can be measured from IASI spectra and that its total column can be retrieved globally and on a daily basis using a NN-based retrieval approach. Despite many advantages, the ANNI retrievals introduced have some drawbacks discussed in detail by Franco et al. (2018) , Van Damme et al. (2017) , and Whitburn et al. (2016) . In particular, the use of fixed gas profiles for the NN training shows clear limitations in some remote environments, like the polar and ice-covered regions. The implementation of a fully parameterized gas vertical profile for the NN training, and an improved correction of the emissivity issues over deserts, are part of further developments that would enhance the retrieval.
The ANNI-acetone product, which consists of over 10 years of daily global distributions of gas total column from IASI/Metop-A, has been obtained from a single sounder and therefore can be regarded as a long-term record suitable for investigating the atmospheric abundance, transport, variability, and long-term evolution of acetone throughout the global troposphere. With IASI/ Metop-B and -C (launched in 2012 and 2018, respectively) , and the three future IASI-NG (New Generation), the time series can be extended to ∼40 years. The ANNI-acetone product also has the potential to fill gaps in the current uncertainties on the atmospheric acetone budget by providing global constraints to modeled source and sink processes.
